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— - ■ -- —j^  .1  / iK<  'f  !'.■>'  s 

In  preparation  of  an  analog  of  human  head  and) neck, 
reports  oy  K»  G,  Snyder  arxl  others  were  noted  which'ilBtated 
that  initial  position  of  the  head  and  neck  hod  a definite  effect 
upon  resulting  response.  An  investigation  was  undertaken  to 
attempt  to  quantitate  this  effect,  os  a part  of  a much  larger 
study  underway  for  several  years,  3 

^Thirteen  human  volunteer  sublects::,ranging  from  the  5th  to 
the  97th  percentile  in  sitting  heignfVere  exposed  to  -Gx  impact 
acceleration  at  peak  sled  accelerations  of  6G  and  lOG,  Two 
angles  of  the  neck  relative  to  choir  and  two  angles  of  the  heod 
relative  to  the  neck  for  a total  of  four  conditions  were  tested  for 
each  subject  for  the  2 peak  acceleration  levels  giving  a total  of 
104  experiments. '^Instrumentation  consisted  of  6 accelerometers 
and  two-axis  rate  ^ro  ot  the  posterior  spiixxis  process  of  the 
first  thoracic  vertebral  body,  6 accelerometers  at  the  mouth,  and 
a two-axis  rate  gyro  at  the  top  of  the  head.  Three-dimensional 
photography  from  two  orthogonally  mounted  onboard  cameras 
' was  used  also,  y i, 

~-V  The  input  data  at  Tj)along  witiythe  differential  effects  of 
initial  head  position  relative  to  T^  on  the  linear  acceleration 
at  the  origin  of  the  head  anatomical  coordinate  system  and  on 
the  anaular  acceleration  and  angular  velocity  of  the  head  Wlttbe- 
pr^enfed  aipng  with  th^  implic^ions  for  modeling  the  response 
and  a statistical  comparison.  ^ ^ 

AN  EXTENSIVE  SERIES  OF  Army-Novy-Wayne  State  University 
human  volunteer  impact  acceleration  experiments  have  been 
conducted  and  re^rted  in  which  the  head  and  neck  were 
instrumented  (1-^,*  Input  accelerations  were  limited  to  the 
-X  direction  of  the  seated,  nominally  upright  subject  and  were 


* Numbers  in  parentheses  designate  References  at  end  of  paper. 
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further  limited  to  peak  sled  acceleration  of  TOG,  Although  the 
initial  angular  and  linear  position  of  the  head  and  the  first 
thoracic  vertebral  body  were  approximately  constant  from  run 
to  run  and  documented  by  photography  no  exact  prepositioning 
procedure  was  used  and  no  effort  was  made  to  analyze  the  effect 
of  initial  angular  position  of  the  head  and  neck  on  the  dynamic 
response.  From  reports  of  other  investigators  and  from  modeling 
the  human  dynamic  response,  it  is  expected  that  the  initial 
angular  position  of  the  head  relative  to  the  neck  and  the  neck 
relative  to  the  torso  will  hove  an  effect  on  the  measured  dynamic 
response  of  the  human  volunteer  subjects  (6,  7),  For  the  present 
study,  a series  of  100  runs  on  13  volunteer  subjects  was  completed 
to  measure  this  effect,  using  newly  developed  instrumentation 
and  photographic  mounts  at  the  new  Navy  Acceleration  Labora- 
tory in  New  Orleans. 

Precision  tracking  of  the  head  relative  to  the  neck  and 
both  relative  to  the  seat  during  dynamic  events  requires  the  use 
of  coordinate  systems.  Coordinate  systems  based  on  x-ray 
anthropometry  were  established  on  the  first  thoracic  vertebra 
(T])  and  on  the  head.  Other  coordinate  systems  used  were 
those  for  the  sled,  the  laboratory,  the  cameras,  and  the 
instrumentation.  By  use  of  the  anatomical  coordinate  systems, 
it  was  possible  to  establish  with  precision  the  location  and 
orientation  of  Tl  relative  to  the  sled,  the  head  relative  to  the 
sled,  and  thus  the  head  relative  to  T]  and  to  the  laboratory 
reference  coordinate  system.  This  approach  further  permitted 
establishment  of  the  angles  of  head  with  respect  to  neck  and 
neck  with  respect  to  laboratory  prior  to  imposition  of  acceleration. 

High  precision  accelerometer  packages  were  mounted  on 
the  human  at  T],  on  the  head  and  on  the  sled.  Accelerations 
measured  by  the  human  mounts  were  transformed  into  the  anatomical 
coordinate  systems  using  the  equations  of  rigid  body  mechanics, 
thus  permitting  nomalizing  of  input  and  output  data  between  subjects. 
The  head  has  been  shown  to  act  as  a rigid  body  previously  (5). 

T]  itself  is  assumed  to  act  as  a rigid  body,  and  merefore  represents 
input  to  the  vertebral  column  of  the  head-neck  system,  independent 
of  restraint,  except  for  that  portion  of  the  acceleration  transmitted 
by  the  soft  tissues,  which  is  estimated  to  be  relatively  small. 

DEFINITIONS 

The  geometrical  position  and  orientation  of  the  T]  mount 
relative  to  T ] anatomical  coordinate  system  and  the  mouth  mount 
relative  to  the  head  anatomical  coordinate  system  was  measured 
for  each  subject  by  adapting  previously  developed  two-dimen- 
sional x-ray  anthropometry  techniques  (4,  5,  1 1)  to  a three 
dimensional  configuration.  A lateral  view  and  an  anterior 
view  of  the  subject  is  taken  while  he  is  fixed  relative  to  two 
cassettes  fixed  at  right  angles  to  each  other  with  a lateral  and 
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an  anterior  x-ray  tube  fixed  perpendicular  to  the  cassettes.  The 
three-dimensional  x-ray  techniques  were  used  for  reduction  of 
the  three  dimensional  sensor  and  photographic  data. 

The  head  and  T^  anatomical  coordinate  systems  hove  been 
defined  for  this  organization  (11).  For  the  head,  the  origin  is 
at  the  midpoint  of  the  line  connecting  the  left  and  right  external 
auditory  meatus  lead  markers.  The  +X  axis  is  defined  by  the  origin 
and  themidpoint  of  the  line  connecting  the  infraorbital  notch 
lead  markers.  The  +Z  axis  is  in  a cephalad  direction  normal  to 
the  Frankford  plane  defined  by  the  lead  markers.  The  +Y  is 
toward  the  left  ear  normal  to  the  X,  Z plane  which  is  considered 
the  mid-sagittal  plane.  For  T ],  the  origin  is  at  the  center  of  the 
anterior  superior  corner  of  T] . The  +X  axis  is  defined  by  a line 
from  a point  midway  between  the  superior  posterior  corner  and 
inferior  posterior  corner  of  the  posterior  spinous  process  of  T ] 
to  the  origin.  The  +Y  axis  is  through  the  origin  along  a line 
parallel  to  a line  from  a point  at  the  articular  facet  of  the  right 
transverse  process,  right  first-rib  articulation  to  the  same  point 
on  the  left.  The  +Z  axis  is  from  the  origin  in  the  cephalad 
direction  perpendicular  to  the  X,  Y plane. 

The  basic  reference  frame  for  the  entire  series  of  experiments 
is  fixed  to  the  laboratory  (12).  This  is  defined  by  first  defining 
a sled  coordinate  system  in  which  the  origin  is  a benchmark 
permanently  machined  into  the  sled  structure.  The  +X  axis  is 
parallel  but  om^osite  in  direction  to  the  thrust  vector  of  the 
accelerator.  The  +Z  axis  is  parallel  to  gravity  arxl  positive 
upward  and  the  +Y  axis  is  such  that  the  sled  coordinate  system 
is  a right-handed  orthogonal  coordinate  system.  The  laboratory 
coordinate  system  is  coincident  with  the  sled  coordinate 
system  prior  to  sled  motion  and  remains  fixed  relative  to  the 
laboratory.  All  coordinate  systems  used  are  right-handed  where 
the  X,  Y and  Z axes  are  taken  in  order. 

The  head  angle  is  the  angle  between  the  head  anatomical 
+X  axis  and  the  laboratory  +X  axis  (Fig,  1),  In  order  to  define 
the  neck  angle  a line  from  the  anterior  superior  corner  of  the 
first  thoracic  vertebral  body  (T |)  to  the  head  anatomical  coordinate 
system  origin  was  constructed.  Neck  angle  is  the  angle  between 
tnis  line  and  the  laboratory  -*Z  axis  (Fig,  1).  Only  the  initial 
condition  values  of  these  angles  are  presented. 

All  of  the  kinematic  variables  presented  hove  been  trans- 
formed to  the  origin  of  the  head  and  T]  anatomical  coordinate 
systems  relative  to  the  laboratory  coordinate  system.  The  zero 
time  displayed  on  the  figures  is  40  ms  before  first  motion  of  the 
sled  as  determined  by  an  analysis  of  the  sled  acceleration  data, 
which  projects  the  rate  of  onset  of  acceleration  bock  to  zero 
acceleration. 

Angular  velocity  (RM20XS)  is  the  component  around  the 
+Y  heod  anatomical  coordinate  system  relative  to  the  laboratory 
coordinate  system.  In  these  -X  impact  acceleration  experiments 
there  is  no  significant  +X  or  +Z  angular  velocity. 
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Fig.  I - Illustration  of  the  initial  conditions  of  head  angle  and  neck  angle 


Angular  acceleration  (QM20XS)  is  the  component  around 
the  +Y  head  anatomical  coordinate  system  relative  to  the  laboratory 
coordinate  system.  In  these  -X  impac'  acceleration  experiments 
there  is  no  significant  +X  or  +Z  angular  acceleration. 

Resultant  acceleration  (AMXZOS)  is  the  magnitude  of  the 
acceleration  at  the  head  anatomical  coordinate  system  origin 
relative  to  the  laboratory  coordinate  system  origin  computed 
from  the  components  along  the  X and  Z axes  of  the  laboratory 
coordinate  system.  Under  these  -X  impoct  acceleration  experi- 
ments the  Y component  of  acceleration  is  insignificant. 

Horizontal  acceleration  at  T 1 (ATXXOS)  is  the  acceleration 
component  of  the  T]  anatomical  coordinate  system  origin  relative 
to  the  laboratory  coordinate  system  along  its  X axis. 

All  units  are  in  the  meter,  kilogram,  seconds  system  with 
the  exception  that  G is  also  used  to  express  acceleration  and 
centimeters  are  used  to  express  certain  anthropometric  values. 

The  runs  are  identified  by  a number  beginning  with  LX  and  the 
subject  by  a number  beginning  with  H. 
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METHODS 

EXPERIMENTAL  DESIGN  - Thirteen  volunteer  human  subjects 
were  exposed  to  two  controlled  sled  acceleration  profiles  in  four 
conditions  of  initial  head  and  neck  position.  The  total  number 
of  runs  required  by  this  design  is  104,  One  volunteer  left  the 
program  early,  therefore,  only  100  runs  were  completed. 

A twelve-inch  (.3048  m)  Bendix  HyGe  ® accelerator  was 
used  to  accelerate  a 1,2  meter  by  3,7  meter  rail  mounted  sled, 
of  1669  Kg  mass.  The  accelerator  stroke  is  limited  to  five 
feet  and  the  effective  drag  is  about  0,2G,  The  sled  coasted 
to  a stop  for  the  6G  runs  within  13,7  meters  and  for  the  lOG 
runs  within  35  meters  on  the  213  meter  track.  The  long  track 
permitted  imposition  of  the  experimental  acceleration  pulse 
at  the  beginning  of  the  run  with  no  intervening  braking  pulse 
which  would  have  confounded  the  telemetered  physiological 
response. 

The  two  acceleration  profiles  are  illustrated  in  Fig,  2.  The 
first  is  characterized  by  peak  acceleration  of  60  + 1 m/sec^  (6G), 
rate  of  onset  of  3800  + 500m/sec^  and  duration  above  75%  of  the 
peak  of  119  3rm,  and  the  second  101  + 1 m/sec2  (lOG), 

8000  + 700m/sec^  and  113+1  ms,  respectively.  The  subjects 
were  restrained  by  shoulder  straps  and  lap  belt  with  an  inverted 
vee  in  an  upright  seated  position. 

Four  conditions  of  head  and  neck  initial  position  are 
defined.  They  are: 

(a)  Neck  up,  chin  up  (NUCU)  Fig,  3 

(b)  Neck  up,  chin  down  (NUCD)  Fig,  4 

(c)  Neck  forward,  chin  up  (NFCU)  Fig,  5 

(d)  Neck  forward,  chin  down  (NFCD)  Fig,  6 

The  experiments  were  confined  to  the  -X  direction  of  the 

subject  with  the  same  seat  as  that  previously  used  at  Wayne 
State  University  and  a restraint  system  of  the  same  geometry  with 
wider  straps.  From  these  previously  reported  runs  the  head  and 
neck  response  was  demonstrated  to  be  confined  to  the  mid-sagittal 
plane  of  the  man,  which  moved  in  the  X,  Z plane  of  the  laboratory, 
Therefore,  only  the  mid-sagittal  plane  data  are  presented  and 
analyzed.  The  volunteer  subjects  were  young  U,  S,  Navy  active 
duty  enlisted  males.  The  range  of  anthropometry  is  described  by 
the  selected  measures  listed  in  Table  1 (8,  9), 

EXPERIMENTAL  MEASUREMENTS  - The  dynamic  response 
of  each  subject  was  measured  using  six  piezoresistive  accelero- 
meters mounted  on  a T shaped  (T)  plate  at  the  mouth  and  six 
accelerometers  mounted  to  a T plate  over  the  T]  posterior  spinous 
process.  The  standard  geometry  of  the  T plate  is  illustrated  in 
Fig,  7,  showing  the  position  and  orientation  of  the  accelerometers 
(10).  The  ouputof  each  accelerometer  was  hardwired  to  an 
EAI-Pacer  600^  hybrid  computer,  digitized  at  2000  samples  per 
second  and  stored  on  magnetic  disk  in  real  time.  The  calibration 
information  is  available  in  the  computer  memory  prior  to  the 
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LX0711  ACILOS  = C+D  H00041  59.  3743.9 

LX0567  ACILOS  = C.D  H00041  100.  7281.1 


Fig.  2 • Typical  sled  acceleration  profiles  (6  and  lOG) 


run  and  carried  with  the  accelerometer  data.  Within  minutes 
after  each  experiment  the  digital  data  are  scaled,  reconverted 
to  analogue  form  and  plotted  on  a cathode  ray  tube  for  validation 
by  comparison  with  a scaled  light  beam  oscillographic  plot  of 
the  data  indeperxlently  generated  at  the  time  of  the  run.  In 
addition  there  was  a two  axis  rate  gyroscope  mounted  on  the 
head  mount  and  one  mounted  on  the  T]  mount.  The  data  from 
these  gyroscopes  was  used  as  an  independent  measurement  of 
two  components  of  the  angular  velocity  of  the  head  and  of  the 
neck. 

Cinephotographic  coverage  of  the  event  is  provided  by 
two  sled-mounted,  pin-registered  16  mm  five  hundred  frame  per 
second  cameras,  MilUken  DBM  5D  or  DBM  SSpsituated  ortho- 
gonally to  each  other  at  about  1 meter  from  the  subject.  These 
cameras  are  equipped  with  12.5  mm  Kinoptic  ® lenses  at  f4. 
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Table  1 - Selected  Anthropometric  Data  on  13  Volunteer  Subjects  from 
C.  Clauser  and  K.  Kennedy  (8).  The  Percentile  Sitting  Height  is  referenced 
to  the  U.  S.  Naval  Aviator  Population  (9) 


PERCENTILE 
SITTING  SITTING 


SUBJECT  NO. 

AGE 

STATURE  (cm) 

MASS  (Kfl) 

HEIGHT  (cm) 

HEIGHT 

H029 

19 

178.4 

98.4 

91.6 

45% 

H032 

21 

174.6 

73.9 

92.0 

50% 

H033 

20 

176.4 

93.9 

96.4 

93% 

H034 

20 

174.0 

83.9 

90.6 

33% 

H035 

22 

184.4 

88.9 

98.4 

97% 

H037 

20 

181.7 

71.7 

95.0 

84% 

H038 

20 

164.9 

60.3 

87.0 

05% 

H039 

20 

172.5 

73.0 

93.0 

63% 

H041 

20 

182,0 

77.6 

90.2 

27% 

H042 

21 

177.1 

74.8 

92.3 

53% 

H043 

21 

178.0 

64.4 

95.5 

87% 

H044 

19 

175.8 

66.2 

93.2 

64% 

H045 

19 

175.4 

73.9 

93.4 

66% 

Each  camera  has  a 140  degree  shutter,  and  is  equipped  to  print 
ten  digits  of  the  time  of  day  at  time  of  shutter  opening  resolved 
to  9.1  ms  along  the  frame  ^ge  as  well  as  serial  IRIG  B timing 
along  the  opposite  edge.  One-hundred  foot  rolls  of  Kodak  2479 
RAROfilm  are  used.  ^ 

Lighting  is  provided  by  four  sled-mounted  General  Electric^ 
4582  lamps  mounted  in  pairs  at  each  of  t!te  camera  sites.  One 
was  mounted  to  the  right  of  the  subject  with  lens  axis  approximately 
normal  to  the  mid-sogittol  plane  of  the  subject.  The  omer  was 
mounted  in  front  of  the  subject.  Photograpnic  targets  on  the  T l 
instrumentation  mounts  as  well  as  the  sled-mounted  target 
remained  in  the  field  of  view  of  the  lateral  camera  (Fig.  3-6). 
Targets  on  the  mouth  instrumentation  mount  were  in  the  field  of 
view  of  both  cameras.  The  T ] rrxHjnt  displacement  in  the  mid- 
sagittal  plane  of  the  subject  was  measur^  relative  to  the  sled 
coordinate  system.  The  mouth  mount  displacement  can  be  measured 
in  three  dimensions  relative  to  the  sled.  However,  for  this  analysis 
it  was  assumed  that  all  motion  occurred  in  the  mid-sagittal  or  X,  Z 
plane. 

ANALYSIS 

DETERMINATION  OF  INITIAL  HEAD  AND  NECK  ANGLES  - 
X-ray  anthropometry  provides  the  vector  location  of  the  instru- 
mentation origin  as  well  as  the  transformation  matrix  from  the 
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F'ig.  4 - Example  of  neck  up,  chin  down  (NUC'D)  initial  condition 
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instrumentation  to  the  anatomical  coordinate  system.  The  photo 
analysis  program  uses  these  anthropometric  data  together  with  the 
Fixea  known  location  of  photo  targets  in  the  instrumentation 
coordinate  system;  fixed  known  location  of  the  sled  mounted 
cameras  in  tne  sled  coordinate  system;  the  transformation  matrix 
between  the  camera  coordirKite  systems  and  the  sled  coordinate 
system;  and  the  measurement  obtained  from  the  photographic  data 
of  photo  targets  to  establish  the  yector  location  of  the  head 
anatomical  origin  displacement  and  the  t]  origin  relatiye  to  the 
sled,  which  can  then  be  related  to  the  laboratory  coordinate 
system.  This  same  program  also  establishes  the  orientation  of  the 
head  anatomical  coordinate  system  and  the  T ] anatomical 
coordinate  system  relatiye  to  the  laboratory  system.  The  photo 
data  was  automatically  digitized  by  a photo  digitizing  system 
(PDS  Series  200®), 

The  photo  data  from  4 targets  on  the  T ] mount  and  4 targets 
on  the  mouth  mount  from  the  lateral  camera  only  were  used  to 
obtain  the  initial  conditions  by  analyzing  15  frames,  approxi- 
mately 2 msec  apart,  prior  to  first  motion  of  the  sled  to  verify 
that  there  was  little  head  or  neck  motion  prior  to  this  condition. 
The  initial  values  are  consistent  with  the  position  and  orientation 
data  at  about  first  motion. 

The  least  square  fit  of  initial  conditions  was  obtained  con- 
sistent with  the  ohoto  data  and  consistent  with  the  constraint 
that  the  anatomical  origins  were  only  allowed  to  be  moved  in  the 
laboratory  X and  Z directions  and  the  rotation  was  only  about 
the  laboratory  Y axis.  This  constraint  is  consistent  with  the 
established  finding  that  motion  of  the  head  and  neck  was  limited 
to  the  mid-sagittal  plane. 

The  neck  angle  illustrated  in  Fig.  1 was  calculated  from  the 
coordinates  of  the  head  anatomical  and  T | anatomical  origin 
locations  at  first  sled  motion.  The  head  angle  shown  also  in  Fig,  1 
comes  directly  from  the  photo  program.  Only  initial  conditions 
of  head  arid  neck  angle  are  present^  in  this  report. 

Tables  2 and  3 wow  the  neck  and  head  angle  thus  determined 
for  eoch  subject  for  each  condition  for  the  6G  and  lOG  runs 
respectively.  Observation  of  the  mean  angles  for  each  condition 
in  which  the  subfect  was  asked  to  place  himself  show  that  on  the 
civerc^e  over  all  subjects,  the  orientation  was  consistent  with  the 
description  for  thot  corKlition.  Close  inspection  of  the  table 
reveals  that  them  is  a large  variation  between  subjects  and  that 
there  are  some  inconsistencies  especially  in  head  orientation 
between  the  descriptor  and  the  actual  measured  orientation. 

Figures  8 and  9 show  the  initial  values  of  neck  angle  and 
head  angle  for  eoch  subject  for  each  condition  for  the  6G  and 
lOG  runs  respectively.  These  figures  illustrate  the  variation 
between  subjects  as  well  as  the  approximate  clustering  obtained 
for  each  condition.  Of  particular  note  is  that  the  clustering  for 
the  6G  ofKl  lOG  runs  is  very  similar  and  that  the  chin  down 
position  allows  for  a much  more  forward  position  of  the  neck.  The 


Table  2 - Initial  Neck  and  Head  Angle  (Degrees)  (6G  runs) 
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Fig.  7 - 6 accelerometer  system  3-2-1  configuration 

data  base  encompasses  a wide  range  of  both  neck  and  head  angles, 
which  is  important  for  regression  analysiso 

PROCtSSING  OF  SENSOR  DATA  - The  linear  accelerations 
and  the  angular  velocity  and  accelerations  presented  in  this  paper 
were  determined  from  a configuration  of  six  accelerometers  on 
the  mouth  T plate  and  six  accelerometers  on  the  neck  T plate. 

The  canonical  configuration  of  these  accelerometers  are  shown  in 
Figure  7,  The  selection  of  this  configuration  and  its  performance 
during  these  experiments  is  presented  by  Becker  and  Willems  (10), 
The  orientation,  bias,  and  sensitivity  of  each  accelerometer  in 
the  configuration  is  determined  from  data  obtained  by  mounting 
eoch  T plate  configuration  on  a rate  table  in  six  or  more  different 
orientations.  Subsequent  to  the  run,  the  constants  determined  in 
the  calibration  proc^ure  are  employed  to  obtain  scaled  accelero- 
meter data  for  each  of  the  accelerometers  in  the  configuration  (10), 
This  scaled  accelerometer  data  together  with  the  position 
and  orientation  data  of  each  accelerometer  in  the  instrumentation 
system,  the  transformation  from  the  instrumentation  to  anatomical 
system,  the  location  of  the  instrument  origin  relative  to  onato- 
mical  origin,  and  the  initial  quaternions  defining  the  initial 
orientation  of  the  anatomical  system  relative  to  the  laboratory 
fixed  system  allow  for  the  determination  of  the  following  variables 
as  a function  of  time, 

(a)  Linear  acceleration  of  the  anatomical  origin  in 
the  laboratory  fixed  system, 

(b)  Velocity  of  the  anatomical  origin  in  the  laboratory 
fixed  system, 

(c)  Displacement  of  the  anatomical  origin  in  the 
laboratory  fixed  system, 

(d)  Angular  acceleration  in  the  anatomical  system, 

(e)  Angular  velocity  in  the  anatomical  system, 

(f)  Orientation  of  the  anatomical  axes  relative  to 
the  laboratory  fixed  coordinate  system. 
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Fig.  8 • Clustering  of  initial  conditions  (6G 
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NECK  ANGLE  - DEGREES 


Fig.  9 - Clustering  of  initial  conditions  (lOG  runs) 
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The  algorithm  for  obtaining  these  parameters  is  described  by 
Becker  and  Willems  (10),  The  variables  selected  for  this  analysis 
are  linear  acceleration  magnitude,  angular  velocity  and 
angular  acceleration  of  the  head  anatomical  coordinate  system 
and  the  linear  acceleration  of  Tl  anatomical  coordinate  system 
along  the  laboratory  X direction,  defined  above. 

For  a significant  number  of  the  runs  there  was  a resonance 
in  the  T plate  at  around  150  Hz  which  became  quite  pronounced 
sometime  after  the  peak  angular  velocity  occurred.  Spectral 
analyses  were  done  on  a number  of  runs  that  did  not  have  this 
resonance  phenomenon  and  it  was  determined  that  for  the  sled 
acceleration  levels  used  in  this  study  there  was  no  significant 
power  in  linear  and  angular  acceleration  components  beyond 
80  Hz  and  that  angular  velocity  had  no  significant  power  beyond 
40  Hz,  Digital  filters  were  designed  that  were  flat  out  to  a cutoff 
frequency  of  80  Hz  and  rolled  off  subsequent  to  this  at  24  DB  per 
octave.  This  filter  was  used  for  all  linear  accelerations  aixl 
angular  accelerations  presented  in  this  paper.  Angular  velocity 
was  filtered  with  a digital  filter  that  had  a cutoff  frequency  of 
40  Hz  and  thereafter  rolled  off  at  12  DB  per  octave.  To  verify 
that  we  were  not  altering  our  data  in  a significant  way,  we  com- 
pared the  filtered  data  on  runs  where  the  resonance  was  absent 
with  the  unfiltered  data.  No  significant  change  in  the  shape  or 
the  peak  magnitudes  were  found.  In  this  paper  we  are  particu- 
larly interested  in  the  effect  of  initial  orientation  of  the  head 
and  neck  on  the  peak  values  of  critical  variables. 

Representative  plots  of  angular  velocity  (RM20XS),  angular 
acceleration  (QM20XS),  resultant  acceleration  (AMXZOS), 
horizontal  acceleration  at  Tl  (ATXXOS)  and  sled  acceleration 
are  presented.  Peak  values  of  these  variables  and  the  initial 
head  and  neck  angles  are  used  in  the  regression  analysis.  These 
values  were  determined  manually  by  examining  plots  of  these 
variables.  The  peak  angular  velocity  and  acceleration  were 
the  first  major  positive  peak  which  was  easily  identified.  For 
all  but  the  NFCD  condition,  this  peak  was  also  the  largest  in 
absolute  magnitude.  The  NFCD  initial  condition  has  a negative 
peak  proceeding  the  positive  peak  and  often  it  was  of  greater 
absolute  magnitude  than  the  positive  peak.  The  resultant 
acceleration  invariably  has  two  prominent  positive  peaks.  The 
first  peak  is  usually  the  largest  but  not  in  all  the  runs.  The  data 
presented  in  this  paper  are  for  the  first  peak.  The  horizontal 
acceleration  at  the  T]  origin  is  predominantly  negative  and  has 
two  peaks.  The  data  presented  in  this  paper  are  for  the  first 
peak  which  is  almost  invariably  the  largest.  Tables  3 and  4 
summarize  the  peak  values  obtained  for  eoch  of  the  variables 
for  each  condition  ar»d  subject  for  the  6G  and  lOG  runs 
respectively. 
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RESULTS 

In  Figure  10  through  Figure  13,  a typical  lOG  run  from  the 
NUCU  initial  condition  is  compared  with  a typical  lOG  run 
from  the  NFCD  initial  condition.  These  two  conditions  represent 
the  extremes  of  the  initial  condition  excursions  examined  in  this 
paper.  Observation  of  the  figure  comparing  ongular  velocities 
shows  a dramatic  change  in  both  shape  of  the  profiles  as  well  as 
the  peak  values  (Fig,  10),  The  peak  angular  velocity  from  the 
NFC.D  initial  condition  is  less  than  1/2  of  that  from  the  NUCU 
initial  condition.  In  addition  for  the  NFCD  condition,  the  first 
positive  peak  is  preceeded  by  q negative  peak  which  for  some 
runs  is  larger  than  the  positive  peak.  The  positive  peak  of 
NFCD  lags  that  of  NUCU  by  approximately  12  msec. 

The  NFCD  is  almost  invariably  characterized  by  a negative 
rotation  of  the  head  (extension)  followed  by  a positive  rotation 
(flexion)  which  distinguishes  it  from  all  other  initial  conditions 
examined  in  this  paper. 

The  comparison  of  angular  Deceleration  between  these 
conditions  is  even  more  dramatic.  The  peak  angular  acceleration 
from  the  NFCD  initial  condition  is  approximotely  1/3  of  the 
peak  angular  acceleration  for  the  NUCU  condition  (Fig,  11), 

In  addition,  we  see  that  the  angular  acceleration  for  the  NFCD 
condition  is  much  less  peaked  than  that  for  the  NUCU  condition. 

In  the  extreme  neck  forward  position  obtained  with  the 
NFCD  condition  we  probably  are  seeing  the  head  motion  with 
very  little  or  no  interaction  between  the  head  and  the  neck. 

The  heod  behaves  as  if  it  were  responding  to  moments  around 
the  effective  hinge  point  of  the  head  to  the  neck.  This  has 
importent  implications  as  to  where  the  hinge  point  is  in  the 
anatorry  and  what  the  model  should  be  for  other  initial  conditions 
but  these  arguments  have  not  been  quantified  at  the  time  of  this 
paper , 

Comparison  of  the  horizontal  acceleration  profiles  at  the 
T]  origin  indicate  about  the  same  first  peak  values  but  the 
subsequent  oscillation  or  notch  in  the  profile  appears  attenuated 
in  the  NFCD  condition  relative  to  the  NUCU  condition.  In  a 
qualitative  sense.  Hie  attenuation  of  this  notch  is  in  evidence  on 
a majority  of  runs  in  tbe  NFCD  condition.  Since  the  angular 
acceleration  and  angular  velocity  are  also  much  attenuated  for 
this  condition,  it  suggests  that  at  least  a part  of  this  observed 
notch  characteristic  might  be  due  to  head  feedback  on  T ] , 

A compori<on  of  the  resultant  accelerations  indicate  a 
much  less  dramatic  change  in  shape  between  the  two  conditions 
and  a much  less  pronounced  change  in  peak  values. 

The  profiles  for  the  NFCU  ond  NLICD  condition  are  not 
shown  since  they  are  very  similar  in  shape  to  the  NUCU  condition 
differing  mainly  in  peak  values. 

A comparison  of  the  peak  values  for  all  the  conditions  for 
eoch  subject  is  shown  for  the  6G  ond  lOG  runs  in  Tables  4 and  5 
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LX0739  RM20XS  = C+D  H00041  NFCD  100.  7895.8 

LX0567  RM20XS  = C.D'  H00041  NUCU  100.  7281.1 
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Fig.  10  - Comparison  of  angular  velocity  for  NUCU  versus  NFCD  initial 

conditions  (lOG  peak  sled  acceleration) 

respectively.  Again,  it  is  emphasized  that  the  description  For 
condition  only  agrees  in  on  average  sense  with  the  actual 
measured  angles.  Observation  of  the  overages  for  the  6G  runs 
and  10G  runs  indicote  that  with  regard  to  angular  velocity  and 
angular  acceleration  tbe  peak  values  from  largest  to  smallest  are 
for  conditions  NUCU,  NUCD,  NFCU  and  NFCD  respectively. 
The  order  for  resultant  acceleration  from  largest  to  smollest  is 
consistent  between  the  6G  and  10G  runs  and  is  NUCU,  NFCD, 
NUCD,  or>d  NFCU  re»ectively.  The  resultont  occeleration  for 
NFCD,  NUCD  arxl  NrCU  however,  do  r»ot  differ  by  very  much. 
The  order  for  the  peak  values  of  horizontal  acceleration  at  the 
T^  origin  for  lOG  is  NFCU,  NUCU,  NUCD  and  NFCD  whereas 
for  6G  NUCU  is  the  greatest  arrd  very  little  difference  exists 
between  the  other  corKlItions. 


ACCELERATION  - RADIANS/SEC/SEC 
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LX0739  QM20XS  = C+3  H00041NFCD  lOQ.  7895.8 

LX0567  QM20XS  = C.D  H00041NUCU  100.  7281.1 
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Fig.  1 1 - Comparison  of  angular  accelerations  for  NUCU  versus  NFCD 
initial  conditions  (lOG  runs) 

The  data  for  all  subjects  for  both  6G  aixi  10G  runs  For 
conditions  NFCU,  NUCD  artd  NUCU  were  pooled  arKi  a stepwise 
regression  program  was  used  to  determine  if  the  data  significontly 
regressed  on  neck  and  head  angle.  The  NFCD  condition  was 
excluded  because  as  mentioned  previously  the  shape  of  angular 
acceleration  and  angular  velocity  was  significantly  different  For 
this  condition. 

The  stepwise  regression  program  initially  used  all  of  the 
irKlependent  variables  in  the  regression  atxi  then  on  F ratio 
For  each  coefficient  based  on  the  marginal  distribution  For  that 
coefficient  was  calculated.  The  minimum  F ratio  was  then 
compared  to  a 5%  significance  level  threshold  arid  the  variable 
was  eliminated  from  the  regression  if  this  threshold  was  rx>t 


ACCELERATION  - METERS/SEC/SEC 
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LX0739  ATXXOS  = C+3  H00041NFCD  100.  7895.8 

LX0567  ATXXOS  = C.I  H00041NUCU  100.  7281.1 
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Fig.  1 2 - Comparison  of  horizontal  acceleration  at  T1  origin  for  NUCU 
versus  NFCD  initial  conditions  (lOG  runs) 


exceeded.  The  coefficients  and  the  covariance  matrix  were 
updated  and  the  process  repeated  until  the  F ratio  for  each  of  the 
remaining  variables  exceeded  the  5%  significance  level. 

The  independent  variables  in  the  regression  were  as  follows: 


C 

P.S.A. 

©N 

©H 

ATX 


Constant  - dimension  of  dependent  variable 

Magnitude  peak  sled  acceleration  - G's 

Neck  angle  - degrees 

Head  angle  - degrees 

Magnitude  of  peak  horizontal  acceleration 

at  the  T|  origin  - G's.  Note:  Either 

P.S.A,  or  ATX  were  used  but  not  both 


ACCELERATION  - METERS/SEC/SEC 
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LX0739  AMXZOS  = C + 3 H00041  NFCD  IQO.  7895.8 

LX05B7  AMXZOS  = C.D  H00041NUCU  100.  7281.1 
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I ig.  1 3 - Comparison  of  resultant  linear  acceleration  of  head  anatomical 
origin  for  NUCU  versus  NIX’D  initial  conditions  (lOG  runs) 

The  dependent  variables  were  as  follows: 

oj  = Peak  angular  velocity  - rad/sec 

ui  = Peak  angular  acceleration  - rad/sec^ 

R = Peak  resultant  linear  acceleration  - 

meters/sec^ 

A summary  of  the  stepwise  regression  results  are  shown  In 
Table  6.  The  regression  coefficient  and  the  standard  deviation 
of  the  marginal  distribution  of  each  coefficient  are  shown.  The 
important  thing  to  observe  in  this  table  is  that  increasing  the  neck 
angle  or  increasing  the  head  angle  both  result  in  a significant 
decrease  in  peak  angular  velocity  and  angular  acceleration.  The 
regression  constant  for  head  and  neck  angle  are  essentially  the 
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Table  6 - Regression  Constants  (pooled  6 and  lOG  runs  for  condition 
NFCU,  NUCD,  and  NUCU) 


DEPENDENT 

STD.  DEVIATION  OF 

VARIAM.E 

CONSTANT 

P.S.A. 

ATX 

NECK 

ANGLE 

RESD 

ANGLE 

DEPEND.  VARIABLE 

- 

2.53 

09 

- .111 

- .152 

2.90 

U> 

- 

.0718 

hs 

.0200 

.0315 

• 241.0 

135,0 

-7.04 

-5.43 

224.4 

u 

111.9 

12.39 

b8 

1.66 

2.46 

- 53.2 

22,42 

BB 

R 

12.24 

1.44 

Bb 

B 

IB 

26.4 

9,46 

091 

.793 

- .108 

- .136 

U) 

1.40 

.0782 

.0283 

.0421 

IQQQHH 

091 

*43.9 

-7,01 

U) 

WBOM 

90 

5.23 

1.90 

BB 

MR 

0B 

9.02 

R 

.232 

(BHi 

g| 

31.0 

ATX 

5.19 

2.36 

SB 

mam 

1.30 

.153 

BB 

BB 

2.81 

REGRESS.  COEF. 
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same  whether  peak  sled  acceleration  or  peak  horizontal  acceleration 
at  T]  are  used  as  independent  variables.  The  peak  resultant 
acceleration  does  not  regress  on  neck  or  head  angle  nor  does  the 
peak  horizontal  acceleration  at  , We  also  separated  the  6G  and 
lOG  runs  and  solved  for  the  regression  coefficients  for  neck  angle 
and  head  angle.  Although  there  was  an  increased  effect  of  both 
of  these  parameters  with  an  increase  in  peak  sled  acceleration 
the  difference  was  not  significant  at  the  5%  level. 

The  regression  on  peak  sled  acceleration  of  each  of  the  three 
initial  conditions  (NFCU,  NUCD,  NUCU)  were  compared.  There 
is  no  significant  difference  between  the  NFCU  and  NUCD  con- 
dition but  the  NUCU  condition  has  a significantly  higher  value 
for  both  peak  angular  velocity  and  angular  acceleration  than 
either  of  the  other  conditions. 

The  effect  of  increasing  the  neck  angle  was  expected  from 
our  model  studies  as  there  is  a decreased  torque  on  nead  and 
neck  system.  The  decrease  of  angular  acceleration  and  velocity 
with  increasing  head  angle  is  not  consistent  with  our  current 
modeling  effort  and  bears  a much  closer  look. 

CONCLUSIONS 

1 . Increasing  the  neck  angle  reduces  significantly  the  peak 
angular  velocity  and  angular  acceleration  when  regressed  on 
peak  sled  acceleration,  neck  angle  and  head  angle. 
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2o  Increasing  the  head  angle  (chin  down)  significantly 
decreases  the  peak  angular  velocity  and  angular  acceleration 
when  regressed  on  peak  sled  acceleration,  neck  angle  and 
head  angle o 

3,  The  horizontal  acceleration  at  the  T]  origin  regresses 
on  peak  sled  acceleration  but  not  on  neck  or  head  angle. 

4,  The  resultant  acceleration  at  the  head  anatomical 
origin  does  not  regress  on  neck  or  head  angle. 

5,  If  the  peak  magnitude  of  the  T]  horizontal  acceleration 
is  substituted  for  peak  sled  acceleration  as  an  independent 
variable  the  regression  constants  for  neck  and  head  angle 
remain  about  the  same  as  with  peak  sled  acceleration.  However, 
the  regression  of  angular  acceleration  on  head  angle  is  not 
significant  at  5%  level, 

6,  The  effect  of  neck  angle  and  head  angle  are  both 
greater  at  lOG  than  at  6G  peak  sled  accelerations  but  the 
difference  is  not  significant  at  5%  level. 

7,  The  extreme  initial  condition  (NFCD)  is  significantly 
different  in  shape  than  all  the  other  initial  conditions  run.  The 
maximum  positive  peaks  in  angular  velocity  arxl  angular  acceleration 
ore  proceeded  by  a negative  peak  that  often  exceeds  the  positive 
peak  in  magnitude.  However,  whether  one  considers  the  positive 

or  negative  peak  the  magnitude  is  severely  reduced  when  compared 
to  the  NUCU  condition  or  for  that  matter  when  compared  with 
any  other  condition.  It  appears  that  for  this  condition  one  is 
observing  the  head  motion  with  little  or  no  head-neck  interaction, 
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